Abstract: 18F-fluorothymidine (18F-FLT) is a radiolabeled thymidine analog that has been reported to help monitor tumor proliferation and has been studied in primary brain tumors; however, knowledge about 18F-FLT positron emission tomography/computed tomography (PET/CT) in metastatic brain lesions is limited. The purpose of this study is to evaluate the performance of 18F-FLT-PET/CT in metastatic brain lesions. A total of 20 PET/CT examinations (33 lesions) were included in the study. Semiquantitative analysis was performed: standard uptake value (SUV) with the utilization of SUVmax, tumor-to-background ratio (T/B), SUVpeak, SUV1cm 3 , SUV0.5cm 3 , SUV50%, SUV75%, PV50% (volume × SUV50%), and PV75% (volume × SUV75%) were calculated. Sensitivity, specificity, and accuracy for each parameter were calculated. Optimal cutoff values for each parameter were obtained. Using a receiver operating characteristic (ROC) curve analysis, the optimal cutoff values of SUVmax, T/B, and SUVpeak for discriminating active from non-active lesions were found to be 0.615, 4.21, and 0.425, respectively. In an ROC curve analysis, the area under the curve (AUC) is higher for SUVmax (p-value 0.017) compared to the rest of the parameters, while using optimal cutoff T/B shows the highest sensitivity and accuracy. PVs (proliferation × volumes) did not show any significance in discriminating positive from negative lesions. 18F-FLT-PET/CT can detect active metastatic brain lesions and may be used as a complementary tool. Further investigation should be performed.
Introduction
Since its introduction, positron emission tomography (PET) fused with computed tomography (CT) (PET/CT) has gained a crucial role in everyday clinical practice of medical imaging, particularly in oncology for both solid tumors and lymphomas. 18F-fluorodeoxyglucose (18F-FDG) has long been the radiopharmaceutical of choice for the PET/CT evaluation of oncology patients. However, it is less optimal for evaluation of intracranial lesions because of its high brain accumulation [1] . On the other hand, accurate diagnosis is of great importance for therapeutic guidance and prognostic estimation, considering the individualized approach in patient treatment.
Magnetic resonance imaging (MRI) is a useful tool for brain imaging of patients with neurological symptoms and is considered the imaging modality of choice for evaluation of intracranial lesions. However, several limitations restrict its utilization in all patients, such as pacemakers, while other conditions interfere with the interpretation of its results, such as post-therapy pseudoprogression and pseudoregression of primary brain tumors [2] . Advanced MR innovations, such as spectroscopy (MRS), diffusion, and perfusion techniques serve as auxiliaries to better understand and estimate abnormal brain lesions and to further guide patients' diagnosis, treatment, and prognosis [2] . The reported sensitivity and specificity for MRS in brain tumors are 80.05% (95% CI = 75.97%-83.59%) and 78.46% (95% CI: 73.40%-82.78%), respectively [3] .
In the spectrum of PET imaging, several radiopharmaceuticals have been developed and are currently utilized for PET brain imaging, including 18F-FDG, 11C-choline (11C-CH), 18F-choline (18F-CH), 18F-fluoromisonidazole (18F-FMISO), radiolabeled amino acids such as 11C-methionine (11C-MET), 18F-fluoroethyltyrosine (18F-FET), and 18F-fluorodopa (18F-FDOPA). Each tracer reflects different pathophysiological characteristics, providing a more individualized approach in the clinical setting. In brain cells, amino acids contribute to protein synthesis, neuroactive peptide synthesis, metabolism, and synaptic transmission [1] . Choline is a substrate of phospholipids and cell membranes [4] , while fluoromisonidazole serves as a marker of hypoxia [5] .
18F-fluorothymidine (18F-FLT) is a radiolabeled thymidine analog considered to reflect tumor proliferation. After passive diffusion and/or active transportation, 18F-FLT enters the cell, where it is phosphorylated by thymidine kinase-1 (TK1), and remains trapped intracellularly [6, 7] . For brain tumor imaging, disruption of the blood-brain barrier (BBB) is an important step for 18F-FLT uptake [8, 9] . 18F-FLT-PET/CT imaging has been used in investigating both initial presentation and recurrence of gliomas. 18F-FLT uptake is reported to discriminate between high and low grade gliomas with a sensitivity of~92% in newly diagnosed brain tumors [10] . Moreover, tumor-to-background (T/B) ratio has also been reported to correlate with tumor grade in newly-diagnosed and recurrent brain lesions [11, 12] . Finally, 18F-FLT uptake has been found to correlate with tumor proliferation values (i.e., Ki-67), yielding prognostic information regarding progression-free and overall survival [13, 14] .
Although 18F-FLT has been evaluated for primary brain tumors, only scarce information exists for its use in the investigation of metastatic tumors. In this retrospective study, we examined the potential role of 18F-FLT-PET/CT in metastatic brain lesions. The main objective of the study was to assess the sensitivity, specificity, and accuracy of 18F-FLT-PET/CT in detecting metastatic brain lesions regardless of prior treatment, with the utilization of semiquantitative approach. Secondary objectives were to assess whether there was an optimal cutoff in semiquantitative parameters that could better separate active from non-active tumors.
Materials and Methods

Patients
Data from consecutive patients, who underwent 18F-FLT-PET/CT in our department from October 2011 until June 2015 for metastatic brain lesions, were collected. In total, 20 18F-FLT-PET/CT examinations were performed in 14 patients. The primary site was the lung in 9 PET cases, breast in 7 PET cases, melanoma in 2 PET cases, and thymoma in 2 PET cases. All patients had undergone treatment at some point of the course of their disease according to protocols (chemotherapy, radiotherapy, surgical excision). There were three patients who had never undergone brain radiotherapy, while in one case the patient had undergone surgical excision after radiotherapy. Per examination analysis refers to the number of 18F-FLT-PET/CT examinations. In all cases patients had undergone MRI (pre and post gadolinium (Gd) T1-weighted, T2-weighted and Flair) within 2 months of 18F-FLT-PET/CT examination (in 17/20 cases within a month). All patients were informed about the radiation protection rules. Written informed consent for undergoing FLT-PET/CT examination was also obtained. The study protocol was accepted by the scientific board of Hygeia hospital. Patients' characteristics are summarized in Table 1 . 
18F-FLT-PET/CT
18F-FLT was synthesized in Biokosmos (Lavrio, Greece) and distributed to our hospital. PET/CT was performed 55 ± 10 min after the intravenous administration 18F-FLT (310-420 MBq) on a Siemens Biograph LSO 16 slices PET/CT device by Siemens. Patients fasted for at least 4 h prior to the administration of the radiopharmaceutical. A 10 min imaging of the brain was received. Low-dose CT was acquired just before the PET examination using a 16-slice helical CT scanner. Data was collected in a frame mode and analyzed at a Siemens multimodality workplace (MMWP). Results were analyzed on a per-lesion basis. PET/CT images were interpreted by a nuclear medicine physician and a radiologist. For the semiquantitative analysis, the following parameters and lesion-proliferative indices and volumes were used: SUVmax, tumor-to-background ratio (T/B: SUVmax of the tumor/SUVmean of the normal brain background), SUVpeak, SUV1cm 3 (SUV average obtained using 1 cm 3 around SUVmax), SUV0.5cm 3 (SUV average using 0.5 cm 3 around SUVmax), SUV50% (SUV average obtained from volumes having SUV > 50% of SUVmax), SUV75% (SUV average obtained from volumes having SUV > 75% of SUVmax), proliferation multiplied by volumes using SUV50% and SUV75% (PV50% and PV75%, respectively, volume × SUV50% and volume × SUV75%). SUVmax of the lesions was derived by manually placing a volume of interest (VOI) around the lesion. For the T/B calculations, a VOI was manually drawn on the opposite normal encephalic/cerebellar hemisphere and SUVmean was obtained. In cases of multiple lesions, the background activity was measured at either hemisphere, avoiding areas with increased 18F-FLT uptake. In total, 33 lesions were evaluated. The final diagnosis was established by clinical and MRI follow-up, and, in one case, by biopsy results. Lesions were characterized as positive or negative according to the final diagnosis.
Statistical Analysis
Primary outcome was the evaluation of sensitivity, specificity, and accuracy of the 18F-FLT-PET/CT in detecting metastatic brain lesions. First, the lesions were classified into two groups according to the final diagnosis: positive or negative. Subsequently, for each semi-quantitative parameter (SUVmax, T/B, SUVpeak, SUV1cm 3 , SUV0.5cm 3 , SUV50%, SUV75%, PV50%, and PV75%), median values and interquartile range (IQR), as well as mean and standard deviation (SD) were calculated for each group; comparisons were made using the Kruskall-Wallis test and independent t-test, respectively. p-values < 0.05 were considered statistically significant.
For the parameters that were significantly different between the two groups, a receiver operating characteristic (ROC) curve analysis was performed. The discriminatory potential of each of these parameters were assessed using the area under the curve (AUC) value. The optimal cut-off point for each parameter (optimal diagnostic point) was defined as the point on the curve that is closest to the top of the y-axis, so that the combination of sensitivity and specificity can be maximized [15] .
Results
In total, 33 lesions in 20 18F-FLT-PET/CT examinations were analyzed: in 15 PET/CT cases there was 1 lesion, in 1 PET/CT case there were 2 lesions, in 2 PET/CT cases there were 3 lesions, in 1 PET/CT case there were 5 lesions. In one case there were three older lesions and at least four tiny lesions in MRI with Gd enhancement and without edema, one of which close to a larger one. PET/CT clearly visualized the four lesions, one had low uptake (SUVmax 0.42 and considered negative according to SUVmax cutoff) and did not visualize the last one. Mean (± standard deviation (SD)) values of SUVmax, T/B, SUVpeak, SUV1cm 3 , SUV0.5cm 3 , SUV50%, SUV75%, PV50%, and PV75% for each group are shown in Table 2 . The corresponding median values and IQR are shown in Table 3 and Figure 1 . The difference between positive and negative lesions was statistically significant when compared using SUV values, but not for the PV50% and PV75%. Using ROC curve analysis, the optimal cutoff values of SUVmax, T/B, and SUVpeak for discriminating active from non-active lesions were 0.615, 4.21, and 0.425, respectively. Additionally, AUC parameters and a 95% Confidence Interval (95%CI) are shown in Table 4 and Figure 2 ; false results, sensitivity, specificity, and accuracy for each value according to optimal cutoff are shown in Table 5 . In ROC curve analysis, AUC (95%CI) is higher for SUVmax (p-value 0.017), while using optimal cutoff T/B shows the highest sensitivity and accuracy. Using SUVmax there was one false positive examination: the patient had undergone surgical excision of brain metastatic melanoma and radiotherapy; follow up MRI ~2 years after the therapy showed an increase of Gd enhancement which pointed to recurrence of disease and so the patient underwent 18F-FLT-PET/CT which revealed avidity in the lesion; 19 days after the PET examination, the patient had a sample biopsy which was negative and therefore the lesion was considered negative; finally the patient underwent g-knife 8.5 months after biopsy for recurrent disease. Using T/B there was another FP result: in this Using ROC curve analysis, the optimal cutoff values of SUVmax, T/B, and SUVpeak for discriminating active from non-active lesions were 0.615, 4.21, and 0.425, respectively. Additionally, AUC parameters and a 95% Confidence Interval (95%CI) are shown in Table 4 and Figure 2 ; false results, sensitivity, specificity, and accuracy for each value according to optimal cutoff are shown in Table 5 . In ROC curve analysis, AUC (95%CI) is higher for SUVmax (p-value 0.017), while using optimal cutoff T/B shows the highest sensitivity and accuracy. Using SUVmax there was one false positive examination: the patient had undergone surgical excision of brain metastatic melanoma and radiotherapy; follow up MRI~2 years after the therapy showed an increase of Gd enhancement which pointed to recurrence of disease and so the patient underwent 18F-FLT-PET/CT which revealed avidity in the lesion; 19 days after the PET examination, the patient had a sample biopsy which was negative and therefore the lesion was considered negative; finally the patient underwent g-knife 8.5 months after biopsy for recurrent disease. Using T/B there was another FP result: in this case the SUVmax was low, however due to low background activity the T/B was positive using cutoff values. Figure 3 shows a brain metastatic lesion; MRI and fused PET with MRI images are shown; the corresponding values are mentioned in the caption. Table 4 . ROC curve analysis for each parameter. The higher the area under the curve (AUC) the better the discriminatory power between positive and negative lesions. SUVmax has the best performance (as depicted by the AUC values and confidence intervals). p < 0.05 is considered statistically significant. case the SUVmax was low, however due to low background activity the T/B was positive using cutoff values. Figure 3 shows a brain metastatic lesion; MRI and fused PET with MRI images are shown; the corresponding values are mentioned in the caption. 
Test
Discussion
Metastatic brain tumors consist of a heterogeneous group of tumors with variable characteristics depending mostly on the primary tumor. Breast, lung, and melanoma are usual primary tumors that metastasize to the central nervous system. Moreover, brain metastases usually coexist with metastatic sites in other organs of the same patient and usually the patients have received multiple treatments, including surgeries, chemotherapies, radiotherapy, and novel targeted treatments with variable results. The accumulation of 18F-FLT in brain metastatic lesions could be a combination of BBB breakdown and the aggressiveness, vascularization, and other molecular characteristics of the metastatic tumor, as well as of the specific molecular characteristics of the primary tumor. Moreover, 18F-FLT uptake could also depend on the environmental and molecular characteristics of the site where the primary tumor metastasizes, as well as on the applied treatments.
As a marker of proliferation, FLT seems to be useful in further evaluating the activity of metastatic brain lesions. O'Sullivan et al. reported that there was quite a good correlation between FLT and MRI in assessing treatment responses using a novel agent for breast cancer derived brain metastatic disease and demonstrated the supporting valuable contribution of FLT-PET in these cases [16] . Compared to FDG in head and neck cancer and thoracic malignancies, FLT seems to perform better in metastatic intracranial lesions [17, 18] . Ongoing trial evaluate FLT-PET performance in treatment response and resistance prediction in brain lesion of melanoma patients [19] . In this study, using different semiquantitative measurements and proliferative indices, we explored the performance of 18F-FLT in metastatic brain lesions. In general, sensitivity in metastatic intracranial foci detection is high in our presented cases. Possible false negative results could be due to less BBB disruption or to the size and location of the metastatic lesion. False positive results could be related to prior treatments and BBB disruption.
SUVmax is the most common semiquantitative method used in everyday clinical practice. Generally, SUVmax has been found to correlate with tumors' aggressiveness and response to treatments, while SUVmax thresholds have been used for discriminating between benign from malignant diseases, and in the case of gliomas, between low and high grades. Because of low SUVmax values for 18F-FLT brain PET measurements, we also used T/B and other SUV values and proliferative volumes for our analysis [20] [21] [22] [23] [24] . To our knowledge, this is the first study with such an approach for metastatic brain lesions with 18F-FLT.
PV50% and PV75% values were not found to be significant in discriminating positive from negative lesions (p value > 0.05). A possible explanation is that these values are a mathematical result of SUV50% and the volume of the lesions; therefore, the results may be contradicting (e.g., an average or high SUV50% concerning a small area may end up with a small PV50%, which will be translated falsely as a negative lesion). Jung et al., in a volumetric approach of metastatic lesions 
PV50% and PV75% values were not found to be significant in discriminating positive from negative lesions (p value > 0.05). A possible explanation is that these values are a mathematical result of SUV50% and the volume of the lesions; therefore, the results may be contradicting (e.g., an average or high SUV50% concerning a small area may end up with a small PV50%, which will be translated falsely as a negative lesion). Jung et al., in a volumetric approach of metastatic lesions measured on 11C-MET-PET, reported a different optimal cutoff of T/B values depending on the metabolic tumor volume (MTV) and consequently, the size of the lesion [22] . Unterrainer et al. noted 18F-FET uptake in small untreated brain metastatic lesions of diameter 0.6-1 cm, even though all 18F-FET-negative metastases were < 1 cm, concluding that radiopharmaceutical uptake was not dependent on the lesion size [24] . All the SUV values could significantly discriminate between positive from negative lesions, with T/B cutoff showing the best accuracy. T/B ratio seems to reflect a clearer result of radiopharmaceutical uptake, perhaps due to the more constant background activity and to the lower values of SUVmax and SUVpeak. Nguyen et al. used SUVmean of the pons for background SUV estimation; however, the rationale was to use that area for vascular SUV calculations as well [25] . In our study, we used SUVmean of the background and T/B of 4.21, which resulted in the best sensitivity and accuracy.
Other PET radiopharmaceuticals besides FDG have also been investigated in the setting of brain metastatic disease with promising results. Radiolabeled amino acids are the most common radiopharmaceuticals used for investigating new and recurrent brain metastasis, distinguishing true progression from pseudo progression, visualizing irradiated brain metastatic lesions, and managing patients for long-term treatment [22] [23] [24] 26, 27] . Finally, a cost-effectiveness analysis showed that the utilization of 18F-FET, in addition to MRI, for recurrent brain metastasis after radiotherapy may be cost-effective [26] . Apart from amino acids, 11C-choline seems to be taken up by metastatic brain lesions as well [28] . The purpose of our study was to evaluate the performance of 18F-FLT-PET/CT in metastatic brain lesions in terms of sensitivity, specificity, and accuracy regardless of prior treatments and in the evaluation of several SUV and proliferative volumes. Any further analysis according to primary tumor or regarding patient management and prognosis was beyond the scope of this study. Further investigation to that direction may be performed.
Our study has several limitations. It is a retrospective study with a small, non-uniform sample with mixed primary sites and therapies that could interfere with our results. It is unknown if the primary tumor could have an impact on 18F-FLT accumulation in brain metastatic lesions and needs further investigation. Moreover, different prior treatments could be implicated in BBB disruption and 18F-FLT uptake. Another factor that could influence the estimation of the diagnostic accuracy of 18F-FLT-PET is the lack of histologic confirmation as diagnostic standard and the fact that final characterization of the lesions was made based mainly on follow up and MRI. However, our results indicate that FLT can depict metastatic brain lesions and can be used in that field as a complement to MRI.
Conclusions
Our results indicate that 18F-FLT is accumulated in metastatic lesions, and its sensitivity and accuracy are high. Therefore, it could be used in as a complement to other imaging procedures. T/B and SUVmax provide the best diagnostic accuracy, while PV50% and PV75% are of less diagnostic significance. In the future, FLT may become more widely used for investigation of secondary brain lesions and more robust estimations could be made using this modality.
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